Abstract Spatial variability of both long and short term rainfall in an urban environment in Malaysia was studied using historical monthly and yearly rainfall data and, unique for the humid tropics region, recently collected, short term rainfall data measured with very small time and space resolution. The results for the yearly data indicated some elongation of the spatial structures of rainfall in the area. The monthly rainfall data showed that the geographical orientation of these structures for the months of December to March was different from that during April to November. These differences were due to the effects caused by monsoon seasonality and by the influence of the sea. The spatial structure and depth-area relationship for short term thunderstorms have been derived. The basic statistics of point observations were also studied. The results showed that the spatial variability of short term rainfall was more significant for short term rainfall than for the long term behaviour. Thus, the spatial structure of short term rainfall should be considered as important in urban runoff calculations.
INTRODUCTION
It has been shown in studies in many countries that the spatial variability of rainfall is a major factor influencing flood formation in urban areas
Open for discussion until 1 December 1996 (Niemczynowicz, 1984; Obled et al, 1994; Fuchs & Harms, 1986; Watts & Calver, 1991; Berndtsson, 1988) . The runoff response of urban catchments is very fast due to the high percentage of impermeable surfaces and to the existence of a complex drainage system. Convective storms, which create most significant floods on urban areas, are limited in space. This makes spatial rainfall properties important in rainfall-runoff calculations and modelling.
If an area is subjected to a rapid urbanization, a first-hand knowledge of short term spatial rainfall properties is advantageous in the design of an optimal drainage system. Rapid urban expansion is occurring in Malaysia. The optimal design and construction of new parts of a drainage system, and efficient future operation and maintenance of the system, depend on how the rainfall input is chosen. At the moment, Malaysian design rules use point intensity-durationfrequency curves to estimate the volume of design rainfall for a given catchment. The estimated design rainfalls are then used in a rainfall-runoff model by employing a temporal pattern based on the regional pattern associated with the area concerned. This methodology is being carried out without taking into account the inherent spatial rainfall properties and thereby neglecting their importance to the final design runoffs. Thus inconsistencies in the results obtained are inevitable. In the recent past, several studies concentrating on characterizing short term rainfall properties have been carried out (Niemczynowicz, 1987; Bacchi & Kottegoda, 1994; Desa & Niemczynowicz, 1994) . Only of few of these studies were performed in a humid tropical region. The results indicate that, generally, the spatial correlation of rainfall decreases with distance, and different correlation structures are observed during different rainfall events. The areal extension of thunderstorms, which create most floods, is limited and there are no routines to account for this in design.
A problem is often encountered by practising engineers in the estimation of rainfall statistics such as intensity-duration-frequency curves based on one or a few gauges. Areal rainfall input, necessary for any runoff calculations or modelling, is usually taken as the same as a point rainfall. This obvious discrepancy with the real rainfall process can be overcome by applying areal reduction factors (ARFs) to the weighted average of the point estimates in the area concerned. A technique is available in relating areal rainfall depths to area by analysing several storms (Omolayo, 1993; Shaw, 1989; Hall, 1984) . Two types of reduction factors are traditionally used: the storm-centred method and the fixed-area method (Hershfield, 1962) . Omolayo (1993) described four empirical and theoretical methods relating to the latter type applied to Australian rainfall data.
There are also errors attached to such estimated areal rainfall due to the effects of inadequate temporal resolution, inadequate spatial coverage or network configuration, inadequate gauge density and instrument error (PetersLidard & Wood, 1994) . A theoretical analysis of rainfall fields was made by Barancourt & Creutin (1992) who provided a comparison of rainfall assessments by a global Kriging and geostatistical model. Bacchi & Kottegoda (1995) explained a number of statistical terms and properties with reference to the theory of variograms as employed in geostatistics.
Recognizing the importance of these issues often addressed in recent years, a project study catchment was therefore set up recently in the vicinity of Kuala Lumpur, Malaysia. One of the objectives of the project is to study spatial short term rainfall characteristics, which also forms the objective of this paper. Another objective is to check, and if possible improve, present storm design routines in urban areas. Data are collected from a dense network of raingauges with a high temporal resolution. Details are described in the following section. The long term temporal and spatial characteristics of rainfall are examined based on historical data. Next, recently gathered rainfall data with high temporal and spatial resolution are analysed.
DATA BASE

Study area
The study area is located in the western part of Kuala Lumpur, Malaysia, and lies inside latitudes 3°05'-3°15' N and 101°35'-101°39' E (Fig. 1) . It has an area of some 23 km 2 . About 60% of the area is urbanized and the remaining parts will be urbanized in the near future. Various types of land use and drainage properties have been classified (Persson & Sôderstrôm, 1995) . There are 11 types of land use (forest, oil palm plantation, low population density village, high population density village, cleared land, grass, golf resort, bungalow, terraced house, high rise condominium and business areas) which have been earmarked, thus reflecting the intricate nature of the land surfaces.
Due to its geographical location the area experiences semi-annual monsoons with reversals of wind direction. The predominant features of the rainfall are convective thunderstorms which are elementary units of larger tropical disturbances (Nieuwolt, 1982) . They are localized within an area of 10 km 2 and their duration is limited to 1-2 h (Nieuwolt, 1982) .
Instrumentation set up
There is a total of 14 raingauges installed within and in the vicinity of the area of short term studies (Fig. 1) . Some of the raingauges were installed in February 1994 and some later in March of the same year ( Table 1 ). The average distance between gauges is about 2 km. Two types of raingauges were employed: the ARG100 aerodynamic raingauge, equipped with an LX logging system and the Hattori tipping bucket type recorder equipped with a locally manufactured logger system, referred to as DIDMAL. The ARG100 raingauges have a higher resolution of bucket tipping (0.2 mm per tipping) than that of the DIDMAL gauges (0.5 mm per tipping). The accuracy of the ARG100 gauges was tested by performing a careful dynamic calibration of each individual gauge as described by Niemczynowicz (1984) . The following nonlinear equation was fitted:
where V = volume of rainfall (mm); t' = elapsed time (s) since the last bucket tip; and a and b = calibration coefficients. The results are shown in Table 1 . No calibration was carried out for the DIDMAL gauges. 
Data availability
The logger systems for both types of raingauges were programmed to operate in "Event Mode", meaning that both loggers recorded the date and time of occurrence of each pulse received by the logger. The calculation of rainfall volume for each tipping made by each individual ARG100 gauge was based on equation (1) with the corresponding calibration coefficients obtained from Table 1 . A constant rainfall volume of 0.5 mm per tip was used for the DIDMAL gauges regardless of the intensity of the rain. The raw data were carefully processed scrutinizing for erroneous registrations. Table 2 shows the amount of available data finally processed. (The data collection programme is being continued). 
TEMPORAL CHARACTERISTICS OF ANNUAL AND MONTHLY RAINFALL
The area of long term studies coincided with the area of short term rainfall measurements but covered a larger areal extent ( Fig. 1(b) ).
Based on the study by Des & Niemczynowicz (1994) , the average annual rainfall in the area is 2300 mm with a coefficient of variation of 0.16 and a standard deviation of 370 mm. The monthly mean rainfall is 191 mm with coefficient of variation 0.27 and standard deviation 52 mm. Eleven years (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) of rainfall data were used from six raingauges shown in Fig. 1(b) . The average maximum and minimum yearly rainfall were 2930 and 1745 mm respectively.
SPATIAL CHARACTERISTICS OF ANNUAL AND MONTHLY RAINFALL
The spatial variabilities of yearly and monthly rainfall in Kuala Lumpur, Malaysia were studied and reported by Desa & Niemczynowicz (1994) . The area ( Fig. 1(b) ) is some 300 km 2 covering the north and southwest parts of Kuala Lumpur. Since the region is situated relatively near to the sea and experiences two distinct monsoon periods, the spatial correlation structures of yearly values were derived for the two periods. Figure 2 shows the spatial correlation structure (Marshall, 1980) an elongated shape with its long axis oriented 130° from the north, i.e. parallel to the coast line. Figure 3 shows the spatial correlation structures of monthly rainfall divided into two periods: the first one coinciding with the northeast monsoon (December-March) and the second with the southwest monsoon together with inter-monsoon periods (April-November). The angles of the two structures differ by about 23°. The results of regression analyses carried out between total monthly rainfall depths and the distance of raingauges from the sea showed negative regression coefficients during the northeast monsoon, December to March, and positive values during the inter-monsoon April-November period. This implies that the rainfalls coming with the northeast monsoon from the land area decreased in intensity, while rainfalls moving with the southwest monsoon increased in intensity on entering higher areas on the land. Of course, the raingauge density plays an important role in determining an accurate picture of these structures (Berndtsson, 1988; Uvo & Berndtsson, 1995) . The correlation coefficients between the mean monthly rainfall and the distance from the sea were found to be quite significant (above 0.9) for both periods.
TEMPORAL AND SPATIAL CHARACTERISTICS OF SHORT TERM RAINFALL
Point properties
From the observed time series of rainfall records expressed as time lapses in seconds between the tips of the tipping bucket, one minute intensities were derived. The divisions into single storm events were performed by defining dry periods between events as continuous zero values during 40 consecutive minutes. A total of 128 high intensity bursts (greater than 0.15 mm min" 1 ) of short term storm events was identified at station ARG100-01 from the one minute temporal rainfall patterns. They had an average duration of 26 min. For the purpose of this study, eight heavy storms, observed at the majority of gauges, were chosen for further analysis. The chosen storms were large enough to produce significant runoff and their average duration was 60 min. They were often observed in the afternoon. As an example of typical hyetographs, Fig. 4 shows the storm of 14 November 1994 as observed in five DIDMAL and seven ARG100 gauges.
The maximum values of short term rainfall depth for 1-60 min duration are shown in Table 3 . The highest 1 min and 5 min rainfall values were 4.2 and 18.1 mm respectively. These values occurred between February and early December 1994. The occurrences of maximum values showed high spatial variability. No consistent locations of maximum point rainfall were observed. Based on the available data, it seems that point maximum values occur at random places and times. This is also true for the case of long duration maximum rainfalls. Tables 4 and 5 show the properties of the selected storms in terms of their depths and maximum intensities observed at the individual raingauges during the period shown in Table 2 . It can be seen that station ARG100-01 recorded the highest mean depth for all events (54.7 mm) while DIDMAL-13 recorded the lowest mean depth (24.5 mm). The corresponding average maximum intensities for all events were 2.8 mm min" 1 and 2 mm min" 1 respectively. The maximum average intensity, however, occurred at station ARG100-04 (2.9 mm min" 1 ). It can also be seen that the variability of the point observation was quite large. The highest and lowest values of the coefficient of variations were 1.03 and 0.412, recorded at stations ARG100-15 and ARG100-01 respectively. To illustrate further the extent of the variation of point observations, plots of cumulative rainfall against time were produced for a chosen storm (6 November 1994) provided by thirteen functioning raingauges (Fig. 5) . It can be seen that the corresponding depth at various raingauges at any given time was not uniform. Thus severity of the storm recorded at different locations can also be seen from this type of plot. Figure 6 shows intensity-duration-frequency curves derived from 11 years data series measured in the DIDMAL 3116006 gauge. A log-Pearson type 3 distribution was fitted to the data using the method of moments. Return period (years) Fig. 6 Intensity-duration-frequency curves, station DIDMAL 3116006 (after Desa & Niemczynowicz, 1994) . 
Areal properties
The spatial variation of the short term rainfall depths produced by the chosen eight storms can be observed in Fig, 7 . Isohyets for total event rainfall depth were obtained by Kriging (Barancourt & Creutin, 1992) using Surfer for Windows (1994) . Three of the storms exhibited a direction of decreasing rainfall depth from the northeastern part towards the southwestern part of the catchment (the 8 August, 17 August and 6 November 1994 storms). However, of the other five storms all but one exhibited more or less a direction of decreasing depth from the south eastern part towards the northwestern part of the catchment (the 1 April, 27 June, 7 October and 14 November 1994 storms), while the 2 April 1994 storm exhibited a decreasing direction from the southwestern part towards the northeastern part of the catchment. There was no similarity in the spatial distributions among these observations. Furthermore, there was no clear tendency to show similar characteristics as shown for the long term spatial variation. This is due to the effect of smoothing the small-scale fluctuations of rainfall intensity in space and time which occurs when correlation structures are derived from long term data (Bacchi & Kottegoda, 1995; Obled et al., 1994; Berndtsson, 1985; Berndtsson, 1987) .
To comprehend further the variability of high intensity storms in this area, isohyet patterns of maximum 1 min point intensities were constructed as shown in Fig. 8 for the storms of 6 and 14 November 1994. 
AREAL REDUCTION OF RAINFALL VOLUMES
Two types of representation of areal rainfall derived from point measurement exist. They are the storm-centred and fixed-area areal reduction factors (ARFs). The storm-centred ARFs are calculated as the ratio between areal rainfall (depth or intensity) and a point rainfall observed in the gauge showing point maximum. Thus the reference gauge (storm maximum) is different from event to event. Fixed-area ARFs are constructed by relating areal rainfall to the point rainfall at a fixed location (for example, the centre of a catchment).
Several methods for estimating fixed-ARFs have been described (Omolayo, 1993; Rodriguez-Iturbe & Mejia, 1974; Bell, 1976) . The application of these methods from small to large areas (up to a few thousand square kilometres) has also been described by many writers (Bell, 1976; Omolayo, 1993; Yan & Lin, 1986; Shaw, 1989; Osborn, 1982) . It can be concluded from these studies that the proportion of the total reduction is generally quite large for an area up to 100 km 2 compared to an area above that magnitude. Niemczynowicz (1984) developed statistical ARFs by comparing point and areal intensity-duration-frequency relationships on a small urban catchment with an area of 23 km 2 . Significant areal reduction was observed even on such a small area. Thus, using single gauge data to reflect the areal process of runoff can lead to a major discrepancy in the estimated runoff.
In this study, the interest was to examine the spatial variability of the storm depths. Thus, it was decided to construct the ARFs for the catchment area per se, with no particular reference to specific time durations. In doing so the method of fixed area was adopted across the entire catchment.
In order to obtain some preliminary information on the size of rainfall cells and on the areal volume distribution during single events occurring typically in the Kuala Lumpur region compared with other locations, the deptharea relationships were derived for individual storms. The areas between all pairs of neighbouring isohyets of the six selected storms shown in Fig. 7 were measured by planimetering. The average rainfall depth of the two isohyets were assigned to the planimetred area.
The percentages of total rainfall depth, representing associated areas, were then plotted (Fig. 9) . Eight lines represent fixed area reduction factors for the eight storms. The shapes of the areal reduction curves were different for all the storms analysed. Also an average curve for all eight storms was drawn.
In Fig. 10 , the average ARF curve obtained as above is compared with the 1-h and 3-h ARF curves for the whole of the Kuala Lumpur area (Yan & Lin, 1986) . Other curves shown in Fig. 10 were derived by Niemczynowicz (1984) for Lund in Sweden, and by Shaw (1989) in the United Kingdom. It can be noticed that the area reduction curve derived in this study differs significantly from those previously derived for Malaysia by Yan & Lin (1986) . This can possibly be explained by the fact that their curves were derived from data with poorer temporal and spatial resolution: 0.5 mm per tipping bucket with a weekly paper chart recorder and 23 raingauges covering an area of 200 km 2 . The same is valid for curves derived for the United Kingdom. Better agreement can be observed between the Kuala Lumpur curve derived in this study and that derived in Lund, Sweden, where similar time and space resolution, and a similar size of area and of raingauge density, were used with the addition that both catchments are situated in urban areas. This underlies how important the spatial and temporal resolutions of rainfall measurement are for the recognition of rainfall pattern and, consequently, for applicable practical conclusions. It has been shown previously that spatial correlation structure and depth-area curves vary enormously with different time and space of records and location of the area (Rodriguez-Iturbe & Mejia, 1974 Cumulative catchment area (km2) Fig. 9 Depth-area relationships for eight selected storms.
CONCLUSION
This study has given some basic statistical properties of yearly, monthly and short term rainfall in Kuala Lumpur, Malaysia. Long term rainfall structures are influenced by monsoons and also by the vicinity of the sea coast. Some results from analyses of unique humid tropics short term rainfall data have been presented. Temporal characteristics of short term rainfall have been given in terms of maximum event depth and intensity. Spatial variations of eight selected storms were presented as depth-area relationships. The results indicated that the shapes of such curves can only be compared between other locations if the time and space resolutions of the measurements are similar. Cumulative catchment area (km2) Fig. 10 Comparison of depth-area curves obtained in this study and at other locations.
The similarity of such relationships derived in Lund, Sweden, indicated that the structure of single rainfall cells may not be so different in different climate zones. The cell size in Kuala Lumpur seems to be larger than those reported in other locations (mostly in Europe). This conclusion must be checked by more detailed analyses of areal and dynamic properties of single rainfall cells. This is an objective of present measurements, and will be reported later. Results from this study provide a useful background for further research into the dynamics of short term rainfall which will be carried out in the near future. A knowledge of the areal properties of short term rainfall in humid tropics regions is important for the proper design of urban water related systems in rapidly growing cities in this region.
